ABSTRACT
INTRODUCTION
Medulloblastoma is the most common malignant brain tumor of childhood, affecting ϳ1:150,000 children with a peak incidence at age 5 (1) . These primitive neuroectodermal tumors are believed to arise from the cerebellar granule neuron precursors that undergo massive proliferation and migration immediately after birth. Proliferation of granule neuron precursors is largely driven by the basic helix-loophelix transcription factors in the HES family and the basic helix-loophelix zip transcription factor, Nmyc (2) (3) (4) . Notch signaling induces HES family members, and Sonic hedgehog (Shh) signaling induces Gli1 and Nmyc. Both of these pathways converge to positively regulate cyclin D1, a possible primary mediator of cerebellar granule neuron precursor proliferation.
Analysis of neurodevelopmental pathways in medulloblastoma provides the foundation for new therapies that specifically block mitogenic signal transduction in these tumors (5, 6) . Mutations causing increased activity of the Shh pathway have been identified in up to 20% of cases. These include inactivating mutations of PTCH1 or SUFU, genes that encode negative regulators of Shh signaling, or activating mutations of SMO, a gene that encodes the Shh mediator Smoothened (7) (8) (9) . Pharmacological blockade of Shh signaling in mouse and human cell culture models of medulloblastoma results in extensive cell death (10) . The Shh target Nmyc is elevated in many medulloblastomas (11) . Mutations of APC and Axin genes activate the Wnt pathway in some medulloblastomas (12, 13) . Nmyc or Cmyc amplification occurs infrequently and is associated with poor outcome (14) . The Notch signaling pathway has not previously been mechanistically associated with medulloblastoma.
High-quality mouse models of medulloblastoma are required for advancement of this field. The most widely used mouse model is the Ptc heterozygous model generated by Goodrich et al. (15) . This model is genetically precise, yielding a medulloblastoma phenotype in animals that have derepressed Shh signaling (16) , but development of tumors is limited to 10% to 20% of the mice. The relatively low tumor incidence in this model is consistent with Gorlin's syndrome, in which Ͻ1% of patients with inactivating mutations of PTCH1 develop medulloblastoma (17) . If these mice also have homozygous loss of p53, there is a high incidence of medulloblastomas (18) . Disruption of DNA repair (DNA ligase IV loss) or cell cycle regulation (Kip1, Ink4c, or Ink4d inactivation) in conjunction with p53 loss also results in murine medulloblastoma (19 -21) . Whereas these models are informative, simultaneous mutations in these pathways are rare in human disease. An alternative approach consistent with the human disease is to activate Smoothened. To achieve this we developed a transgenic mouse model in which candidate oncogenic pathways can be activated primarily in cerebellar granule neuron precursors through the use of the 1-kb NeuroD2 promoter (22) . We generated eight lines of mice that express a constitutively active form of Smoothened, SmoA1. Lines expressing high levels of the transgene showed early cerebellar hyperproliferation and a high rate of medulloblastoma formation. RNA and protein studies showed increased expression of both sonic hedgehog and notch target genes. Notch and Shh pathway inhibition sharply reduced proliferation of cells from ND2:SmoA1 mice. Human tumor studies using primary and cultured cells and xenografts indicated that Notch pathway activity is important for medulloblastoma survival and that combined pathway inhibition caused more cell death than individual pathway antagonism alone.
MATERIALS AND METHODS
ND2:Smo Transgenic Mouse Lines. Transgenic mice were generated on a C57BL/6 background through the Fred Hutchinson Cancer Research Center Transgenic Core and maintained in accordance with the NIH Guide for the Care and Use of Experimental Animals with approval from our Institutional Animal Care and Use Committee (IR#1457). Full-length Smoothened with activating point mutations, SmoA1 (23, 24) and SmoA2 (9) , was isolated by restriction digest using HindIII-XbaI and ligated into pCS2ϩ using standard cloning techniques. A NeuroD2 1-kB promoter fragment with HindIII sites at both ends was PCR amplified from pPD46.21 (22) and inserted into pCS2SmoA1 and pCS2SmoA2. Orientation was confirmed, and the constructs were sequenced to verify the absence of unintended mutations. Fragments containing the NeuroD2 promoter, the SmoA1 or SmoA2 gene, and a polya-denylic acid sequence were isolated by restriction digest (NotI-ScaI, 4150 bp), purified using Schleicher and Scheull columns according to the manufacturer's directions and provided to the transgenic core for zygote (E0.5 fertilized eggs) injection (22) . Transgene expression was quantified on genomic DNA derived from tail or toe snips using quantitative reverse transcription-PCR (RT-PCR) with the following primers: AATCTCTGCTTTTCCTGCGTTGGG (forward) and CTCGGTCATTCTCACACTTG (reverse).
Mouse Pathology and Gene Expression Studies. Mice were anesthetized using CO 2 inhalation, the cerebellum removed, and tissue snap-frozen for RNA studies or fixed in 4% paraformaldehyde for pathological examination. Tissue blocks were paraffin embedded, cut into 4-m sections, and then stained with Hematoxylin and Eosin using standard methods. An observer blinded to the molecular data evaluated cerebellar pathology. This was classified as normal (indistinguishable from wild-type littermates), mild to moderate hyperplasia (Ͻ50% of the cerebellum morphologically abnormal), severe hyperplasia (Ͼ50% of the cerebellum morphologically abnormal), or frank tumor (sheets of small round blue cells without identifiable cerebellar architecture). His tag staining to evaluate the localization of transgene expression to cerebellar granule cells was done on frozen sections using a Penta-His mouse IgG monoclonal antibody (1:200, Molecular Probes, Eugene, OR) and a fluorescein goat antimouse secondary (1:1,000, The Jackson Laboratory, West Grove, PA). Total RNA was extracted from mouse cerebellum using an Rneasy Lipid Tissue kit per the manufacturer's instructions (Qiagen, Valencia, CA). For microarray studies each sample was labeled according to Affymetrix's recommended protocol, hybridized to individual U74Av2 oligonucleotide arrays, and scanned according to the manufacturer's recommendations (Affymetrix) with comparison to wild-type littermate controls. Scanned image files were analyzed using MAS5.0 (Affymetrix). For quantitative real-time PCR, RNA was DNase treated and converted to cDNA using the ABI Taqman Reverse Transcription kit (Applied Biosystems, Foster City, CA). Reactions were set up using ABI SYBR green or Taqman Master Mix and run on an ABI 7000 Sequence Detection System. Specific primers for mouse Gli1, Gli2, NMyc, Notch1, Notch2, HES1, HES5, the Smo transgene, and S16 control were used (Supplementary Data; Table 1 ). Data were analyzed using ABI GeneAmp SDS software. All of the conditions were run in triplicate and normalized to mouse S16 control. The same procedure was used to measure HES1 levels in mouse bone marrow.
Human Tumors. Human medulloblastoma cDNA panels were obtained from the Children's Oncology Group Brain Tumor Resource Laboratory. Demographic details are provided in the Supplemental Data (Table 2) . RT-PCR was performed as described above. Specific primers for Gli1, Gli2, Patched1, Patched2, NMyc, Notch1, Notch2, HES1, and HES5 were used (Supplemental Data; Table 3 ). Normalization was done with an endogenous gene control (EEF1␤2) that we had found previously to have minimal variance in medulloblastomas. Control brain samples were from 10 pediatric subjects (median age, 16 years; range, 11 to 18 years) who died as a result of trauma or nonmalignant disease. These were from the Maryland Brain Bank, kindly supplied by the laboratory of Dr. Gregory Riggins (Johns Hopkins University, Baltimore, MD). Expression levels from the control samples were averaged and the result set to 1. Comparison between desmoplastic and nondesmoplastic tumors was made using a two-tailed unpaired Student's t test. Immunostaining for Notch1 was performed using the rat antihuman Notch antibody 18G as described previously (25) .
Cell Culture and Viability Assays. Medulloblastoma cell lines were grown as described previously (26) . As controls, BW5147 cells, demonstrated previously to be resistant to Notch pathway inhibition, were obtained from American Type Culture collection and cultured as described (27) . Primary brain tumor tissue was obtained from patients undergoing surgical resection after informed consent for Children's Oncology Group protocol ACNS02B1 and processed as described previously (10) . These studies had prior approval from the Institutional Review Board of the hospitals where the samples were collected. Mouse brain tumor tissue was treated in the same manner as human. Cells were incubated with Delta ligand in solution (Delta-1 ext-IgG ; ref.
28), control IgG, the notch antagonist N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-
phenylglycine t-butyl ester (DAPT/␥ secretase inhibitor IX, Calbiochem, San Diego, CA) or DMSO at the indicated concentrations for 48 hours and total viable cell number quantified by trypan-blue hemacytometer counts and an ATP-luciferase assay (ViaLight, Cambrex Bio Science, Rockland, ME). Results were normalized to vehicle-treated control cells.
Xenografts. Animal experiments were performed according to the NIH Guide for the Care and Use of Experimental Animals and approved by our Institutional Animal Care and Use Committee (IR#1573). D283 mouse xenografts were established in 3-month-old NOD-SCID mice as described previously (29, 30) . Once tumors were Ն250 mm 3 the animals were treated with daily s.c. injections of DAPT in corn oil 200 mg/kg/day as described (30) . After 4 days of treatment the animals were pulsed with bromodeoxyuridine (Roche Diagnostics, Indianapolis, IN) 50 mg/kg 1 hour before sacrifice, euthanized, tumors removed, and fixed in 4% paraformaldehyde overnight then embedded in paraffin. Bone marrow was removed at the time of sacrifice and HES1 mRNA level quantified by RT-PCR as described above. Tissue sections, 4 m, were cut. Bromodeoxyuridine staining was performed using goat antibromodeoxyuridine antibody (Accurate Chemicals, Westbury, NY) as described (31) . Apoptosis was quantified by terminal deoxynucleotidyl transferase-mediated nick end labeling staining (In Situ Cell Death Detection kit, Fluorescein, Roche Diagnostics, Mannheim, Germany). Nuclei were stained with 4Ј,6-diamidino-2-phenylindole. An observer blinded to the treatment conditions counted at least 10 randomly selected high-powered fields per section (500 to 1,000 cells per field). Comparison between control and treatment groups was made using a two-tailed unpaired Student's t test.
RESULTS

Activation of the Sonic Hedgehog Pathway in Mouse Cerebellar Granule Neuron Precursors Results in Hyperproliferation and
Medulloblastoma Formation. To selectively activate the Shh pathway in cerebellar granule neuron precursors we expressed constitutively active forms of the Smoothened gene, SmoA1 or SmoA2 (24), using the NeuroD2 1-kb promoter that is principally expressed in cerebellar granule neuron precursors (Fig. 1A) . Generation of the ND2:SmoA1 lines was complicated by premature death due to tumor formation in several founder mice that had high Smo levels (Table 1) . Three lines of mice with varying levels of SmoA1 expression were established and observed over 12 months. Staining for the His tag expressed by the transgene confirmed selective expression in cerebellar granule cells (Fig. 1B) . Fortyeight percent of the high-expressing line developed symptomatic medulloblastomas at a median age of 25.7 weeks (Fig. 1, C assessed. This revealed excessive granule cell proliferation in 80% of high-expressing mice (Fig. 2, histology panels) . This was rarely seen in the lines of mice with low levels of Smo expression. Changes in Cerebellar Granule Neuron Precursor Mitogenic Signal Pathway Activity with Increasing Hyperplasia and Medulloblastoma Formation in ND2:SmoA1 Mice. To elucidate the signal transduction pathways underlying cerebellar granule neuron precursor hyperplasia and tumor formation we assayed RNA expression using oligonucleotide arrays (Supplemental Data Fig.  2) . A total of 3.9% (486 of 12,488) of genes had increased mRNA expression, and 3.5% (438 of 12,488) were decreased (P Յ 0.01). As expected, there was an increase in known Shh pathway target genes including Nmyc and multiple cell cycle regulatory proteins. Increased expression of ribosomal proteins was also prominent, consistent with a previous human medulloblastoma gene expression study (32) . An unexpected change, however, was up-regulation of HES5, the main Notch target gene in the developing cerebellum. HES1 was not altered, and HES2 was not present on the arrays (data not shown).
Given these findings, focused studies correlating pathological changes and expression of Shh and Notch pathway genes using quantitative RT-PCR were done (Fig. 2) . This showed that increasing hyperplasia was associated with a progressive increase in Nmyc, Gli1, and Gli2 with tumors having extremely high expression levels of these genes. In a similar fashion Notch2 and HES5 were elevated in hyperplastic cerebellum and most tumors. HES2, undetectable in wild-type mice, was also detectable in three of the five tumors tested (data not shown).
Sonic Hedgehog and Notch Signaling in Human Medulloblastomas. To determine the relevance of the above findings to human disease we assayed the expression of Shh and Notch pathway genes by RT-PCR in a panel of 24 human medulloblastomas. RNA from the normal cerebellum of 10 pediatric subjects who had died of trauma or nonmalignant disease was used as controls. Tumor pathology and clinical data were collected and are graphically represented in Figs. 3 and 4 (demographic information summarized in Supplemental Table  2 ). Gene expression was considered elevated if increased 2-fold or Quantitative real-time PCR was set up using ABI SYBR green Master Mix and run on an ABI 7000 Sequence Detection System. Specific primers for mouse Notch1, Notch2, HES1, HES5, Gli1, Gli2, NMyc, and S16 control were used. SYBR green dye intensity was analyzed using SDS software. All conditions were run in triplicate. Each sample was amplified in triplicate and normalized to mouse S16 control. Gene expression was correlated with the cerebellar histology of the high-expressing ND2:SmoA1 mice: normal cerebellar histology indistinguishable from wild-type (n ϭ 3); mild hyperplasia (Ͻ50% cerebellum abnormal, n ϭ 3); severe hyperplasia (Ͼ50% cerebellum abnormal, n ϭ 7); cerebellar tumors (n ϭ 7). Average fold-change versus wild-type littermates is shown; bars ϮSE. Representative tissue sections are shown below; scale bars are 100 m.
NOTCH SIGNALING IN MEDULLOBLASTOMA
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on May 2, 2017. © 2004 American Association for Cancer cancerres.aacrjournals.org Downloaded from more above controls. Analysis revealed a widespread increase in Shh pathway activity (Fig. 3) . Gli1, a well-validated Shh target gene (33) was elevated in 63% (15 of 24) of tumors including all of the desmoplastic cases. Notably, 50% (9 of 18) of nondesmoplastic medulloblastomas had elevated Gli1, indicating that Shh pathway activation is much more common in these tumors than suspected previously. Gli2 was also elevated in all of the desmoplastic and 39% (7 of 18) nondesmoplastic tumors. Desmoplastic tumors had a statistically greater elevation of Gli2 expression than nondesmoplastic cases (P ϭ 0.04). Levels of Gli1 expression trended higher in desmoplastic versus nondesmoplastic tumors, but this did not reach statistical significance (P ϭ 0.1). NMyc, a direct target of Shh in cerebellar GNPs was elevated 88% (21 of 24) of medulloblastomas. Increased Ptch1 expression was less frequent, present in 33% (2 of 6) of desmoplastic and 11% (2 of 18) of nondesmoplastic tumors, respectively. Ptch2 expression paralleled that of Ptch1.
Focusing on the Notch pathway we found the vast majority (92%, 22 of 24) of tumors had increased notch target gene expression with elevation of either HES1 (46%, 11 of 24) and/or HES5 (71%, 17 of 24) mRNA levels (Fig. 4) . Notch1 was increased in 75% (18 of 24) of tumors, whereas Notch2 was overexpressed in only 12.5% of tumors (3 of 24) . No significant differences were evident between desmoplastic and nondesmoplastic tumors. Immunostaining on 7 tumors revealed that all were positive for intracellular Notch1 at levels comparable with bone marrow (Fig. 5, A-D) . Four control pediatric cerebellums were negative for Notch1 protein expression by immunocytochemistry (Fig. 5C ). Transient transfections with intracellular Notch1 and Notch2 plasmids confirmed the specificity of the Notch1 antibody as has been shown previously (25) .
Notch Signaling Contributes to Medulloblastoma Growth and Survival. To ascertain if Notch pathway activity was important for medulloblastoma cell survival we added soluble Delta ligand to cultures of 2 medulloblastoma cell lines. Delta unattached to a surface acts in a dominant-negative manner (28) . This resulted in 2-fold decrease in HES1 expression in both cell lines within 7 hours and a dose-dependent decrease in viable cell number by 48 hours (Fig. 6A) . We pharmacologically inhibited Notch cleavage with the ␥-secretase inhibitor, DAPT (Calbiochem; ref. 34 ). In the four medulloblastoma cell lines tested this also caused a dose-dependent decrease in the number of viable cells within 48 hours of treatment (Fig. 6B) . Similar effects were also seen with an alternative ␥ secretase inhibitor, L-685,458 (Calbiochem, data not shown). To control for nonpathway-specific drug effects we added DAPT to BW5147 cells, which are known to be insensitive to Notch pathway inhibition (27) : this did not decrease viable cell numbers over a concentration range of 0.1 to 10.0 mol/L. Primary tumors from mice and humans (Fig. 6C ) also had decreases in total viable cell number in response to notch pathway inhibition. The combination of Shh antagonism with cyclopamine and Notch antagonism resulted in a significantly greater response than the use of either agent alone. Short-term treatment of mice with D283 xenografts using DAPT resulted in suppression of HES1 expression in the marrow, markedly decreased tumor cell proliferation, and significantly increased apoptosis (Fig. 6D) . A 4-week study of the activity of DAPT on D283 xenografts was inconclusive, because Fig. 4 . Notch pathway gene expression in human medulloblastomas. Quantitative RT-PCR using Sybr Green fluorescence was used to measure gene expression. Normalization was done with an endogenous gene control (EEF1␤2) that was confirmed to not change in these samples. Normal cerebellum from 10 children without cancer was averaged and the result set to 1. Medulloblastoma samples are subdivided into classic and desmoplastic pathology. Clinical data are summarized below: f ϭ age Ͻ 3 years, metastatic disease present at diagnosis, died of disease. The numbers on the Y axis represent the fold change of mRNA copies of each medulloblastoma sample relative to the average of the control samples. 
DISCUSSION
Our initial goal in this study was to develop a genetically faithful mouse model of medulloblastoma that would be tractable for studies of disease pathogenesis and therapeutics. Genomic studies on this model confirmed known Shh target genes along with an unexpected increase in Notch signaling, confirmed by quantitative RT-PCR. Evaluating these pathways in human tumors, we found elevated Notch and Shh activity in most medulloblastomas. Notch inhibition with soluble Delta ligand or ␥ secretase inhibitors resulted in decreased proliferation and increased apoptosis. Whereas the mechanism of Notch activation remains to be elucidated, the consequence of the Shh pathway driving proliferation and the Notch pathway inhibiting differentiation appears critical for tumor growth.
Focusing on the Shh pathway, targeted activation of Smoothened in cerebellar granule neuron precursors was sufficient to cause tumors in 48% of high-expressing mice by a median 6 months of age. Importantly, preceding hyperproliferation was evident by 8 weeks of age in the majority of ND2:SmoA1 mice, providing an opportunity to study disease progression from its early stages and test (35) in Drosophila. Even among mice in the high expressing line, there was a small subset that did not show elevation of Nmyc, Gli, or Notch pathway components and had a normal histologic phenotype. The ND2:SmoA1 model is, thus, the only mouse model of medulloblastoma with early pathology and a high incidence of tumors that does not have loss of p53 or other genetic mutations that are uncommon in human medulloblastomas.
In human medulloblastomas increased Shh signaling has been described in desmoplastic tumors (32) . A limitation with prior studies of neurodevelopmental pathways in human medulloblastoma samples has been lack of an appropriate comparison group of normal pediatric cerebellum. By addressing this we found that Shh pathway activation is common in classic medulloblastomas as well as desmoplastic tumors. This is consistent with the extensive cell death induced in classic medulloblastomas when the Shh pathway is inhibited (10) . Ptc1 and Ptc2, key Shh pathway regulators, were elevated in a minority of tumors despite increased Gli1 and Gli2, indicating aberrant regulation of this negative feedback loop in medulloblastomas.
The events cooperating with Shh signaling in human tumor genesis and growth have not been defined. Notch signaling both inhibits differentiation and promotes proliferation in the developing cerebellum (2) . The findings in the ND2:SmoA1 mouse prompted evaluation of Notch signaling in human medulloblastomas. Notch1 mRNA was increased in 75% of human tumors, and Notch2 mRNA was increased in 12% of cases. The Notch target genes HES5 and HES1 were increased in 92% of tumors. A recent study using suppression subtractive hybridization found an increase in Mushashi-1, a negative regulator of the Notch antagonist Numb in medulloblastomas (36) . A change in Numb levels was not found, and elevated Notch pathway activity was only demonstrated in the TE671 cell line. Colleagues in another laboratory have found that Notch2 is increased more frequently than Notch1 in human medulloblastoma. 5 To assess the validity of our RT-PCR data for Notch1, we evaluated Notch1 protein expression in human tumors by immunocytochemistry using an antibody that we confirmed to be specific for Notch1. All 7 of the cases evaluated showed Notch1 protein expression comparable with that seen in bone marrow. In most cases, the staining showed a nuclear pattern, consistent with cleaved intracellular Notch. Control pediatric cerebellum was negative for Notch 1. In both Notch1-and Notch2-positive medulloblastomas, HES5 expression is increased, suggesting that this may be a mediator of oncogenic Notch pathway signals in both ND2:SmoA1 mice and human medulloblastoma patients. However, the Notch pathway has multiple downstream mechanisms of activity, and detailed mouse genetic studies are necessary to define which are critical for medulloblastoma genesis and growth.
Notch and Shh have a complex pattern of overlapping expression and regulation in development, and each is recognized as an oncogene in a variety of cancers (37) (38) (39) . Notch has been implicated in the pathogenesis of Hodgkin's disease and large-cell anaplastic lymphomas and is an oncogene in T-cell lymphoma (40, 41) . In breast cancer cell lines Notch signaling has been demonstrated to maintain the phenotype of ras-transformed cells (42) . Overexpression of Notch receptors is well described in cervical carcinoma and has been linked to human papillomavirus E6 and E7 proteins (43) . Recently, aberrant Notch activity has been shown in pancreatic cancer (44) . It is notable that separate studies have implicated abnormal persistent Shh activity in pancreatic cancer as well (45) , but coexpression and interactions of these pathways have not yet been investigated in these or other tumors.
Signal pathways that contribute to tumor genesis or progression often mediate the survival of tumor cells. This is clearly the case with Shh signaling in medulloblastoma, lung, and pancreatic tumors where inhibition results in significant cell death (10, 46, 47) . ␥-Secretase inhibitors target Notch signaling in tumor cells and have been shown recently to markedly decrease the growth of T-cell lymphomas (27) . We found a similar response in 4 medulloblastoma cell lines with a 40% to 60% decrease in total viable cell number after 48 hours of treatment. Primary mouse and human tumors had similar responses to DAPT as well as cyclopamine, supporting the validity of the mouse model. The effect of combined Shh and Notch pathway inhibition appeared to be additive in these primary tumors. In vivo evaluation of Notch pathway inhibition was complicated by inability of the drug to inhibit Notch target gene expression after 2 weeks, presumably because of an increase in drug metabolism. Short-term treatment with DAPT demonstrated decreased proliferation and increased apoptosis at levels comparable with treatment with cisplatin (Hallahan A. R. and Olson J. M., unpublished data). This establishes Notch signaling as critical for the survival of medulloblastoma cells with potential as a therapeutic target.
The ND2:Smo mouse model of medulloblastoma demonstrates that Notch pathway activation occurs in Shh-induced tumors. This resulted in a re-evaluation of human medulloblastomas, which revealed that activation of both pathways is common. The prognostic significance of this is not known and requires evaluation on a large cohort of uniformly treated cases. Pharmacological antagonism of either pathway resulted in high levels of cell death (10) . Combining agents that blocked both Shh and Notch activity led to rapid, near complete medulloblastoma cell death. The challenges of considering systemic Notch antagonism for cancer therapy, however, are significant. Notch signaling is critical for lymphopoeisis and probably gut regeneration, raising the possibility of a narrow therapeutic window (48) . Innovative strategies will likely be based on elucidation of the critical differences between Notch activities in oncogenesis versus that in nonneoplastic tissue regeneration. Additional studies that elucidate the mechanisms by which the Notch and Shh pathways interact in cancer genesis and growth are indicated.
